Abstract Sprouting of angiogenic perivascular cells is thought to be highly dependent upon autocrine and paracrine growth factor stimulation. Accordingly, we report that corneal angiogenesis induced by ectopic FGF implantation is strongly impaired in NG2/CSPG4 proteoglycan (PG) null mice known to harbour a putative deficit in pericyte proliferation/mobilization. Conversely, no significant differences were seen between wild type and knockout corneas when VEGF was used as an angiocrine factor. Perturbed responsiveness of NG2-deficient pericytes to paracrine and autocrine stimulation by several FGFs could be confirmed in cells isolated from NG2 null mice, while proliferation induced by other growth factors was equivalent in wild type and knockout cells. Identical results were obtained after siRNA-mediated knock-down of NG2 in human smooth muscle-like cell lines, as also demonstrated by the decreased levels of FGF receptor phosphorylation detected in these NG2 deprived cells. Binding assays with recombinant proteins and molecular interactions examined on live cells asserted that FGF-2 bound to NG2 in a glycosaminoglycanindependent, core protein-mediated manner and that the PG was alone capable of retaining FGF-2 on the cell membrane for subsequent receptor presentation. The use of dominantnegative mutant cells, engineered by combined transduction of NG2 deletion constructs and siRNA knock-down of the endogenous PG, allowed us to establish that the FGF coreceptor activity of NG2 is entirely mediated by its extracellular portion. In fact, forced overexpression of the NG2 Electronic supplementary material The online version of this article
Introduction
FGFs are key factors in the regulation of angiogenesis where one of their main contribution is to convert quiescent-stationary vascular and non-vascular cells to mitotic and motile phenotypes. We have previously shown that microvascular pericytes-a cell type known to be highly responsive to FGF [1] -may serve as pathfinding pioneer cells during tubular sprouting in normal, pathological and experimental growth factor-induced angiogenesis [2] [3] [4] [5] . Reorganization of pericytes within the perivascular zone allows for the subsequent recruitment of endothelial cells to line the inner side of the tubular structures formed by the activated pericytes. To accomplish their rearrangement immature pericytes and their bone marrow-derived precursors are highly dependent upon the transmembrane NG2/CSPG4 proteoglycan (PG). This dependence has been documented in numerous experimental paradigms by the overt vasculogenic defects caused by targeting the PG in pro-angiogenic conditions [5] [6] [7] [8] [9] . In these previous investigations a primary link has been drawn between the ability of NG2 to regulate the pericytes' responses to PDGF and the need of pericytes to receive PDGF stimulation. Such bivalent relationship has been emphasized in a wealth of studies confirming the pivotal role of PDGF for the survival, migration and maturation of pericytes [8, [10] [11] [12] [13] [14] [15] . NG2 has therefore being proposed to be a critical adapter molecule in the growth factor-activation of perivascular, non-endothelial cells and this has led to the identification of a growth factor-binding site within the central portion of its core protein [16] .
Several cell surface-associated components may intervene in the control of FGF responses exhibited by different cell types [17] [18] [19] [20] [21] [22] . FGF signalling is known to be initiated by the conversion of the growth factor from a latent to an active form and this conversion is currently believed to require a heparan sulfate (HS)-induced dimerization of the factor. Ternary complexes comprised of HS, FGF and FGFR are formed on the cell surface to drive the intracellular signal transduction [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . The dynamics of this interaction is convincingly established for FGFR1 and FGFR2, whereas it is less documented for the other FGFRs.
Although substantial information has accrued regarding the nature of the GAG moieties capable of engaging in growth factor-encompassing ternary complexes [29, [33] [34] [35] [36] [37] [38] [39] , the precise stoichiometry of these molecular assemblies is still somewhat debated [40] [41] [42] [43] . It also remains to be asserted to what extent other FGF-binding molecules can affect the HSPG dependence, complement the function of these PGs, and possibly supplant the GAG-mediated mechanisms of FGF signalling. Coinciding, or alternating, activities of multiple FGF co-receptor molecules could provide a means to fine tune the cells' mitogenic responses to these growth factors [44, 45] . Such a finer regulation of growth factorinduced cell proliferation/activation might be particularly relevant in complex biological processes such as angiogenesis, where distinct cell types need to be stimulated in a diversified manner by FGFs and other angiocrine factors. We have explored here the precise modes by which NG2 expressed by immature, sprouting pericytes [2] [3] [4] 46 ] may contribute to the modulation of their spatio-temporal regulated autocrine and paracrine mitogenic responses.
Materials and methods

Recombinant proteins and other reagents
Recombinant FGFR1-4-Fc fusion proteins were produced in HEK293 human kidney cells by transfection of the corresponding CMV-constructs inserted into pRK5Tkneo vectors (Genentech, Inc, San Francisco, CA, USA). Full-length rat NG2 ectodomain (residues 1-2223), inserted into the CMV plasmid, pcDNA3.1 (Invitrogen, Carlsbad, CA, USA), and the membrane-proximal NG2/D3 fragment (residues 1,587-2,218) inserted into the PCEP4/c2III vector, were similarly produced in HEK293 cells. Recombinant GAGcontaining and GAG-free NG2 ectodomains were separated by ion-exchange chromatography on DEAE resins as previously described [16] . PDGFRa inhibitor imatinib mesylate/ Glivec and FGFR inhibitors 5 0 deoxy-5 0 methyl-thioadenosine (MTA) and PD173074 were from Novartis (Origgio, Italy) and Sigma-Aldrich (Saint Louis, MI, USA). Recombinant human growth factors were obtained as follows: FGF-16-18 from Cell Sciences Inc. (Canton, MA, USA); FGF-1-10 from Sigma; PDGF-AA from Oncogene Research Products (Cambridge, MA, USA); HGF and IGF from Millipore Corp (Billerica, MA, USA). HS oligosaccharides of 6-16 disaccharides units in length (HS6-16) were a kind gift of John Gallagher (Department of Medical Oncology, Christie CRC Research Centre, Manchester UK). Heparatinase III, chondroitinase ABC, mixed chondroitin isomers, high M r heparin and tracheal keratan sulfate were purchased from Sigma-Aldrich. Antibodies against syndecans 1-4 and glypicans 1-6 were purchased from R&D Systems, Inc, Millipore Corp., Santa Cruz Biotechnology, Inc., ABCAM and AbD Serotec Ltd. Rabbit polyclonal antibodies against Ki67 and PCNA were purchased from ABCAM.
Real-time qPCR and RNAi
Conventional and real-time qPCR was performed as reported in Supplemental Materials and Methods. For RNAi experiments 19-mer siRNA probes against human NG2 and scrambled versions of these probes were synthesized with the Dicer siRNA Generation kit (Gene Therapy Systems Inc., San Diego, CA, USA). Probes were directed against seven well-separated stretches of the mRNA encoding the extracellular portion of the PG and were comparatively assayed for their protein knock-down efficacy by FACS, immunocytochemistry and Western blotting (Supplemental Fig. 1 ). Two of these probes were found to be particularly effective in ablating surface NG2, i.e. probes siRNA 3289 and siRNA 4402 (superscript numbers refer to the first ''5 0 end-localized'' nucleotide of the targeted sequence within the NG2 transcript), yielding on average 70-80 % knock-down levels when tested on different cell types. An additional 3 0 -end anti-NG2 probe (siRNA 6189 ) was obtained through Ambion (Austin, TX, USA). RNAi probes against FGFR1 and FGFR3 were obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA) and Thermo Scientifics-Dharmacon (Lafayette, CO, USA). Cells were transfected with up to 500 ng of the siRNA oligos/2.5 9 10 4 cells using Gene Silencer TM siR-NA Transfection Reagent (Gene Therapy Systems Inc.). siRNAs against GAPDH were produced using the corresponding Silencer TM GAPDH Template Set (Ambion). In some cases, knock-down efficiency was validated functionally by assaying the levels of adhesion to collagen type VI and the anchorage-independent growth in the presence PDGF-AA of the siRNA-treated cells. Levels of siRNAmediated abrogation of FGFR1 and FGFR3 were similarly established first by FACS and Western blotting and then verified functionally by cell proliferation assays in the presence of FGF. Knock-down efficiency of FGFR1/ FGFR3 varied in the different cell types from 53 to 65 %.
Engineering of NG2 expression patterns
Human transformed smooth muscle cell lines were stably lipo-transfected (Lipofectamine Plus) with a plasmid containing either the cytoplasmic tail and membrane-spanning domain of NG2 (cyto), or its membrane-spanning domain plus the entire extracellular domain (extra). For this purpose, human NG2 cDNA clones B, C and D (kindly provided by Gerd Pluschke) [47] were cut with XhoI and SacI, SacI and HindIII, HindIII and BamHI, respectively. These fragments were ligated and inserted into the pEGFP-N1 vector (Clontech Laboratories Inc., Mountain View, CA), and the sequence of the entire insert comprising bases 4,030-7,216 of the NG2/CSPG4 sequence reported with the NCBI accession number X96753 was verified by automated DNA sequencing. A variant of dominant-negative mutant SK-LMS-1 and SK-UT-1 cells (coded NG2 cyto ), displaying NG2 molecules retaining cytoskeletal linkage and putative intracellular signalling abilities but lacking extracellular activities, were generated by treating cells overexpressing the construct NG2 cyto with probe siRNA 3289 . This probe was designed to specifically knock down the endogenous NG2 while sparing the transduced NG2 deletion construct. Cell mutants named NG2 extra (dominant-negative with respect to the ability of the overexpressed truncated NG2 molecules to engage extracellular interactions while lacking cytoskeletal associations and signalling potential) were generated by transfection of the same cell lines with a GFP-plasmid containing the entire extracellular portion and the transmembrane domain of human NG2. For this purpose, NG2 cDNA clones H, G and F [47] were cut with XhoI and ApaI, ApaI and BamHI, BamHI and HindIII, respectively, and inserted between the XhoI and HindIII sites in pEGFP-N1 vector (BD Biosciences, Bedford, MA). A cDNA from A375 melanoma cells was used as template to amplify the sequence corresponding to nucleotides 2,230-5,025, the fragment was inserted into a pGEM-T vector (Promega), and its sequence verified by automated DNA sequencing. The construct was then subcloned into the pEGFP-N1 expression vector containing fragments H, G and F as described above (BD Biosciences). Cells stably expressing the NG2 ectodomain were treated with the 3 0 -end-directed NG2 probe siRNA 6189 to specifically knock-down the endogenous NG2 without affecting the transduced deletion construct. In both types of cell mutants the relative levels of expression of the fulllength endogenous NG2 versus the truncated NG2 variant were determined at the mRNA level by real-time qPCR and at the protein level by flow cytometry and immunoblotting (Supplemental Fig. S2 ). Transient overexpression of NG2 and phenotype rescuing in NG2-deficient cells were performed by liposome transfer of full-length rat NG2 inserted into a pcDNA3.1 plasmid. The murine BaF3 lymphocytic cell line was transiently transfected with full-length rodent NG2 inserted into the same plasmid using the Amaxa Nucleofect technology. For rescuing experiments, aortic smooth muscle cells from NG2 null mice and siRNA-treated SK-LMS-1 cells that were transduced with the above NG2-containing plasmid, or a control empty plasmid, were enriched by panning on the D3 anti-NG2 polyclonal antiserum. In other cases, immunosorting and enrichment of cells highly expressing NG2 was performed using the MACS technology and the anti-NG2 mAb 9.2.27 (Millipore Corp.).
Cellular assays
SK-UT-1, SK-LMS-1, MES-SA, SW982, HT1080, SW872, A375, U87, U373 and HeLa cells were grown in DMEM with 10 % FCS and antibiotics. Cell lines established in the laboratory and coded NTI-OS-1 (osteosarcoma), NTI-LS-1 (liposarcoma), NTI-LMS-1 (leiomyosarcoma), NTI-MFH-1 (pleomorphic sarcoma), and NTI-FS-1 (fibrosarcoma) were cultivated under similar conditions. Aortic smooth muscle cells from wild type and NG2 null mice [12] were grown in DMEM supplemented with MITO ? Serum Extender (Becton-Dickinson, Bedford, MA). The murine pro-B cell line BaF3 cells stably expressing the FGFR1-IIIc isoform was kindly received from David Ornitz and maintained in RPMI-1640 with 10 % FCS and 2 ng/ml IL-3 as previously described [48] . For proliferation assays, cells were seeded onto uncoated, or poly-L-lysine-coated (0.1 %, Sigma), 48 wells plates at an initial density of 5 9 10 3 cells/well and grown for up to 5 days in DMEM with and without the following components: 10 % FCS; 0-20 ng/ml of the different FGFs, HGF, IGF-1 or PDGF-AA; 1-100 lg/ml of mixed chondroitin sulfates (CS) or keratan sulfate (KS); 1-15 lg/ ml of HS6-16; 1-15 lg/ml of soluble recombinant NG2; and 0.1-10 lg/ml of heparin. For heparitinase III and chondroitinase ABC digestions, cells were incubated with 0.02-2.0 U/ml of the enzymes diluted in PBS 0.1 % BSA for 2 h at 37°C. Growth factors were replenished at 12 h intervals. Rates of cell proliferation were determined in separate wells for each condition starting at 4 h after cell plating and ending at 4-5 days. For these measurement we used interchangeably the CyQUANT Cell Proliferation Assay (Invitrogen) and the CellTiter 96 Aqueous One Solution Cell Proliferation Assay kit (Promega, Madison, WI), in accordance to the manufacturers' instructions. The Live/Dead Cytotoxicity kit was occasionally used to verify the potential occurrence of programmed cell death. Fluorescent cellular assays were evaluated with a Genius Plus UV microplate reader (Tecan Group) or with the Acunen eX3 scanning laser cytometer (TTP Labtech Ltd, Melbourn, UK). Transformed cells used for proliferation experiments were starved for 24-48 h by culturing in DMEM with 0.5 % FCS. Primary murine fibroblasts were ''synchronized'' by incubation in serum-free conditions for 4 h prior to be exposed to growth factors. An estimated amount of 2,000-10,000 synchronized cells was inoculated into each well of 24 well-plates, yielding an initial plating density of about 2,550-12,740 cells/cm 2 . Cells were allowed to attach to the substrate for 2-4 h. Prior to addition of growth factors, relative amount of cells bound to the bottom of the wells was assessed by random field counting which confirmed that [90 % of the cells initially inoculated were bound to the substrate. In one set of experiments, partial desulfation of cell surface PGs of the cells was carried out as previously described [36] by incubating cells in sulfate-free DMEM supplemented with 1 % FCS, 15 mM NaClO 3 and 250 lg/ml BSA for up to 24 h prior addition of growth factors. For antibody blocking experiments, 5 9 10 3 cells were preincubated for 45 min with 10 lg/ml of the functionblocking antibodies anti-FGFR1, anti-FGFR3 or anti-CD44 (Millipore Corp.) and then grown in the presence or absence of FGF-2 for up to 4 days. For flow cytometric cell-cycle analyses, cells were detached, washed and fixed/permeabilized with cold 70 % ethanol and incubated with 12.5 lg of propidium iodide/10 6 cells in the presence of 0.1 % NP40 and 125 lg/ml RNAse. For FGF ''pulse-capture'' assays cells were pre-cooled on ice for 15-30 min, washed with icecold 1 % BSA in MCDB to remove any FGF bound to the cell surface, incubated at 4°C for another 15-30 min with 10 lg/ml of the antibodies to FGFR1 and FGFR3 (or control antibodies), and then pulsed with 20 lg/ml FGF-2 at 37°C.
Immunofluorescence and FRET analyses
For immunofluorescent assays we used the following antibodies: mouse mAbs to FGFR1 (VBS6; VBS7; 19B2, #3472; Life Technologies, Inc., EMD-Calbiochem, Millipore and Cell Signaling Technologies Inc., Danvers, MA, USA); rabbit polyclonal anti-FGFR2 antiserum (Abnova Corp., Taipei, Taiwan); mouse mAb and rabbit polyclonal anti-FGFR3 (B-9, Santa Cruz Biotechnology, Inc.; and C51F2, Cell Signaling Technologies, Inc.); rabbit polyclonal anti-FGFR4 antiserum (Santa Cruz Biotechnology, Inc.); goat anti-PDGFRa antiserum (R&D Systems Inc., Minneapolis, MN, USA), mAb (clone FB-8) against FGF-2, (Sigma-Aldrich), rabbit anti-syndecan-4 antisera, (Santa Cruz Biotechnology Inc.; ABCAM), anti-NG2 mAbs 9.2.27, (Millipore Corp.) and B5/M28, (ATCC), and our proper anti-NG2 polyclonal antisera EC, D2 and D3. Flow cytometry was carried out primarily with the anti-NG2 PE-conjugated mAb 7.1 (Immunotech, Marseille, France), anti-syndecan antibody BB4 (anti-CD138; IQP Lagitre srl, Milan, Italy), anti-syndecan-2, anti-syndecan-3 and antisyndecan-4 antisera (BD Biosciences Inc.; R&D Systems), anti-glypican-1, -glypican-2, glypican-3, glypican-5 and glypican-6 mAbs and polyclonal antibodies were from R&D Systems Inc. and the corresponding isotype matched control antibodies were from Sigma-Aldrich, BD Biosciences and Life Technologies. FITC and PE-conjugated secondary antibodies were from Jackson ImmunoResearch (West Grove, PA, USA). For FRET analyses, SK-LMS-1 cells were double-labelled with antibody 7.1 and anti-FGFR1 or anti-FGFR3 antibodies that had been pre-tagged with Alexa Fluor 647 using the corresponding labelling kit (Life Technologies). For reference we used PE-conjugated antia4 subunit and an anti-b1 integrin subunit antibodies (BD Biosciences) tagged in a similar manner as above with Alexa Fluor 647. The same protein tagging kit was utilized to label FGF-2 for flow cytometric analyses of its binding to the cell surface in the presence or absence of NG2 (i.e. following siRNA-mediated knock-down of the PG).
Immunochemistry, proteomics and protein binding assays For immunoprecipitation, SK-LMS-1 cells, treated or not with FGF-2, were lysed with CHAPS buffer containing 500 mM NaCl, 0.25 % sodium deoxycholate, 10 mM b-glycerolphosphate, 1 mM EDTA, 1 mM sodium vanadate and the Complete Protease Inhibitor Cocktail from Roche Biosciences Inc.. Cell lysates were immunoprecipitated with either the D2 anti-NG2 or the anti-FGFR1/anti-FGFR3 antisera followed by extensive washing and enrichment on Protein A-Sepharose (Sigma). In some cases, cells were pre-treated with 4 mM of the membraneimpermeable cross-linker BS3 (Pierce Protein Research Products-Thermo Scientifics, Rockford, IL, USA) on ice for 15-30 min, followed by incubation in 50 mM TrisHCl, pH 7.8, for 15 min at room temperature. Immunoprecipitated material was resolved by SDS-PAGE on 4-12 % gradient gels and either stained with Commassie blue or electro-transferred onto nitrocellulose membranes and immunoblotted (following saturation of the membrane with 5 % dry milk in TBST for 1 h at room temperature) with D2 or D3 anti-NG2 antisera (1:200 dilution in PBS), or anti-FGFR1-4 antibodies. In parallel, immunoprecipitated material was resolved by SDS-PAGE, extensively stained with Commassie brilliant blue, and the bands cut out from the gel for digestion with trypsin and the resulting fragments injected into a MALDI-TOF mass spectrometer (Applera, Inc.) for molecular mass determination. For detection of phosphorylated threonine residues in the NG2 cytoplasmic domain, cells were starved for 72 h and treated for 15 min with optimal concentrations of FGF-2, FGF-8 or HGF. Growth factor-treated cells were solubilized in SDS-containing sample buffer and pellets resolved by PAGE on 4-12 % gradient gels, transferred to nitrocellulose membranes and probed with pan-antibodies to phosphotyrosine (clone, 4G10), PhosphoFGF receptor (Tyr653/ 654; clone 55H2), PhosphoFGF receptor 1 (Tyr766; clone 1E5) or PhosphoEGF receptor (Tyr1068; Cell Signalling Technologies, Inc.). For phosphosite immuno-proteomic profiling of the signal transduction components activated following NG2-mediated and NG2-independent FGF signalling, an amount of 10 6 cells treated or not with the probe siRNA 3289 and stimulated with 20 ng/ml of FGF-2 for 30 min was extensively washed, lysed with 1 % CHAPS buffer solution and the cocktail of protease inhibitors described above. The lysate sonicated twice for 15 s. Solubilized material was subjected to ultracentrifugation for 30 min at 95,0009g and the supernatant collected for subsequent determination of the total protein concentration. This was adjusted to 1 mg/ml for each sample using the PAGE buffer, containing 31.25 mM Tris-HCl (pH 6.8), 1 % SDS (w/v), 12.5 % glycerol (v/v), 0.02 % bromophenol blue (w/v) and 1.25 % b-mercaptoethanol and samples further denatured by boiling for 4 min at 100°C. Samples were resolved by one-dimensional SDS-PAGE, electro-blotted onto nitrocellulose and the membrane subdivided in 20 lanes (plus one for the MW standards). Each lane was separately blotted with given combinations of 3 antibodies directed against a total of 82 phosphosites in 69 signal transduction components specifically selected out from the panels of components contained by phosphoscreens KPSS1.3 and KPSS3.1 (Kinexus Bioinformatic Corp., Canada). Protein binding assays were performed as described in Supplemental Materials and Methods.
Corneal neovascularization assays
To induce local neovascularisation in the mouse cornea we used implantation of slow-release polyhydroxyethyl methacrylate (hydron; Hydro Med Sciences, Cranbury, NJ, USA) pellets (0.4 9 0.4 9 0.2 mm) formulated to contain 45 lg sucrose aluminum sulfate (sucralfate; SigmaAldrich) and 75 ng FGF-2 or 180 ng of VEGF (previously established to be optimal quantities of the growth factors). Mice were anesthetized with Avertin (0.015-0.017 ml/g body weight), and under an operating microscope a hydron pellet was surgically implanted into the corneal stroma at a distance of 0.7 mm from the corneo-scleral limbus. A total of 22 NG2 wild type eyes and 20 NG2 knockout eyes received pellets containing either FGF-2 or VEGF. Mice were monitored by stereomicroscopy over a period of 7-10 days post-surgery to evaluate the progress of corneal angiogenesis in the operated eyes. In some cases, on days 3 and 7 mice received intra-peritoneal injections of BrdU (Sigma.Aldrich) at a dose of 240 lg/g body weight.
Between days 7 and 10, angiogenesis was quantified by determining the area of vascularisation according to a previously described method [49] . Briefly, clock hours of neovascularization (CN) and maximal vessel length (VL) were measured and the vascularised area was calculated according to: area (mm 2 ) = 0.2 9 p 9 VL (mm) 9 CN (mm). Following fixation of tissues in 4 % PFA, cryopreservation in 20 % sucrose in PBS at 4°C, embedding in OCT compound and snap-freezing, collected cryostat sections were processed for immunohistochemistry. Pericytes were immunolocalized by labelling with anti-aSMA and anti-PDGFRb antibodies and proliferating cells incorporating BrdU were visualized through an anti-BrdU antibody [6] . For this purpose, frozen sections were digested with 0.005 % pepsin (Sigma-Aldrich) in 0.01 M HCl for 30 min at 37°C followed by treatment with 4 M HCl for 30 min at room temperature. Sections were then blocked by incubation in 5 % goat serum in PBS for 30 min prior to incubation with antibody. Slides were mounted with DAPI (Vectashield 1200, Burlingame, CA, USA). Sections were viewed with a Fluoview 1000 confocal microscope (Olympus USA, Melville, NY) and serial optical sections (1 lm each) across the entire thickness (40 lm) of the histological specimens were overlaid (Z-stack) to provide reconstructions of entire vessels. This allowed unambiguous identification of the immunolabelled pericytes exhibiting nuclear BrdU labelling. The Prism 4.0 software (GraphPad, San Diego, CA, USA) was used for statistical analyses. Systematic random sampling of serial histological sections was carried out according to previously described methods [6] .
Statistical analyses
In most cases, significance levels were established using the non-parametric Mann-Whittney U test, Student' T test, Kruskal-Wallis one-way analysis of variance, or the twoway ANOVA test. Confidence intervals were mostly set at 95 % and statistical significance at p \ 0.05.
Results
Deletion of NG2/CSPG4 impairs FGF-induced corneal angiogenesis
To explore the possible involvement of NG2 expressed by pericyte/smooth muscle cells in FGF signalling in vivo we implanted FGF-2-containing hydron pellets into corneas of wild type and NG2/CSPG4 null mice and evaluated the extent of FGF-2-induced neovascularization in the two genotypes. In the absence of NG2/CSPG4, a significantly reduced size of the neovessel network growing toward the implanted FGF-2-containing pellet could be noted in the cornea of these mutant mice (Fig. 1a, b, l) . BrdU incorporation indicated that the reduced vascularization in NG2 knockout mice was accompanied by a decrease in the cycling rate of PDGFRb-expressing pericytes associated with the newly formed vessels (Fig. 1c-i) . Accordingly, the mitotic index for pericytes in NG2 null mice was lower than in wild type animals by a factor of 2.5 (p \ 0.0001). Although angiogenic sprouting induced by a similar local implantation of VEGF-microbeads had an apparently slower kinetics than that induced by FGF-2, a distinct neovascular network formed in both wild type and NG2 null mice in response to this growth factor ( Fig. 1j-l) . Thus, ablation of NG2 caused a selective loss of FGFpromoted pericyte involvement in the angiogenic process and did so in a manner closely resembling that previously observed in other experimental models [4] [5] [6] [7] [8] .
NG2 is essential for optimal FGF mitogenic responses in the absence of HSPGs
The altered FGF-induced angiogenesis seen in NG2/ CSPG4 null mice prompted us to examine more in detail the mechanisms underlying the involvement of the PG in FGF-related signalling phenomena. For this purpose, we comparatively assayed the mitogenic responses of isolated wild type and NG2/CSPG4 null aortic smooth muscle cells and untreated or siRNA-treated (Supplemental Fig. 1a, b) human smooth muscle-like cell lines (expressing some syndecan-4 and glypican-1 and minor amounts of glypican-4 and -6; Supplemental Fig. 2 ) to a panel of growth factors (using PDGF-AA as reference; not shown). In parallel, we verified that NG2/CSPG4 gene ablation/mRNA knockdown did not alter the overall PG surface profile (Supplemental Fig. 2 ). Although the magnitude of response to the different growth factors that were tested varied, both murine NG2/CSPG4 null and human siRNA-treated cells proliferated significantly less upon FGF-2 (and PDGF) stimulation than their counterpart wild type and untreated cells (Fig. 2a) . However, both NG2-deficient cell types exhibited a minor NG2-independent FGF response. This left open the possibility that the NG2 0 s effect on FGFinduced cell proliferation required a certain cooperation with HSPGs (or other FGF co-receptor molecules), even if such were present in scantier amounts than NG2. Thus, to 3a ). This finding corroborated that NG2 could alone mediate the cells' response to FGF stimulation, as was also asserted by a cell-cycle analysis and further confirmed by semi-quantitative assessment of Ki67 and PCNA immunolabelling (Supplemental Fig. 3b, c) . We finally sought to exclude the possibility that the reduced levels of FGFinduced proliferation were attributed to an irreversible loss of the cells' ability to respond to FGF stimulation caused by off-target effects of the NG2 knock-down. This was accomplished by first confirming the ability of the siRNAtreated cells to resume their FGF-responsiveness upon surface recovery of NG2 (Supplemental Figs 1c and 4a ).
Then, we performed an additional control experiment entailing exposure of siRNA-treated cells to FGF-2 in the presence of soluble high molecular weight heparin, or structurally defined HS oligosaccharides known to act as potent FGF activators [36, 42] . Both intact heparin and HS fragments were able to rescue, in a dose-dependent manner, the NG2-deficient phenotype, whereas unrelated GAGs were ineffective (Supplemental Fig. 4b ).
To next determine which FGF receptors were implicated in the NG2-dependent mitogenic action of FGF-2, and establish whether our cells produced endogenous FGFs that could contribute to NG2-mediated autocrine signalling loops, we mapped the transcriptional profiles of the currently known FGFRs and their cognate ligands. These analyses revealed that our human smooth muscle-like cells expressed different combinations of FGFR1-IIIb, FGFR1-IIIc, FGFR3-IIIc and FGFR3-IIIs, whereas the murine wild type and NG2/CSPG4 null cells expressed discrete isoforms of all four primary FGFRs (Supplemental Fig. 5a, b) . From these observations we could infer that NG2 may have preferentially acted in cooperation with FGFR1 and FGFR3.
Among the recognized FGFR1/FGFR3 ligands [48] , we detected FGF-1, FGF-8, FGF-10 and FGF-16-18 as the ones endogenously produced by the cells (Supplemental Fig. 5c ). When we next approached the putative involvement of NG2 in the mitosis induced by a spectrum of FGFs, we noted a selective NG2-dependence for FGFs known to bind with highest affinity to FGFR1 and FGFR3. Thus, virtually no involvement of NG2 was seen in proliferation events induced by FGFs predominantly binding to other FGF receptors (Fig. 2c) . The assessable efficiency of the FGFs apparently requiring NG2 for their mitogenic action decreased in the order: Fig. 2c ; an observation that was corroborated by parallel dose-dependent assays). Although not more deeply investigated in this study, the above findings suggest that NG2 may display an interactive bias for FGFs with a discrete preference for FGFR1/FGFR3.
NG2 acts as a GAG-independent FGF co-receptor
The capability of NG2 to participate in FGF signalling independently of its GAG chain(s) was initially tested by exposing NG2-deficient cells to FGF-2 in the presence of recombinant glycanated and non-glycanated forms of the NG2 ectodomain. In these conditions, up to a 70 % recovery of FGF-induced cell proliferation was noted after addition of either form of the PG (Fig. 3a) . Furthermore, in NG2-deprived human smooth muscle-like cells, FGFinduced mitosis could be rescued in a similar fashion by transient transduction of the cells with either full-length rodent NG2 (Fig. 3a) , or NG2 with a mutated GAGattachment site [50] . Because of the divergence in the nucleotide sequence between the human and rat NG2 transcripts in the region targeted by probe siRNA 3289 , ectopic expression of the rodent NG2 was not affected by the co-transduced probe.
These rescuing experiments confirmed that NG2 acted in a GAG-independent manner to mediate the interaction of FGF-2 with its cognate signalling receptors. However, the observation left unresolved whether NG2 merely contributed to FGF-2-induced signal transduction through modulation of FGFR-ligand binding, or whether it also directly transduced intracellular signals upon interaction with FGF-2. To address this issue we generated two types of ''dominant-negative'' cell mutants with respect to the potential involvement of NG2 in FGF responses (Supplemental Fig. 6a-c) : one ectopically expressing the NG2 ectodomain (NG2 extra ), while the endogenous NG2 was knock-down, and one ectopically expressing the cytoplasmic tail of NG2 (NG2 cyto ) in a similar NG2-deficient background. In the absence of any exogenous growth factor, human smooth muscle-like cells were found to be dependent upon surface NG2 for their survival and proliferation and the ectodomain was the portion of the molecule responsible for this dependence (Supplemental Fig. 6e) . Furthermore, in ''growth factor-poor'' experimental conditions, NG2 seemed to make an equal contribution to autocrine PDGFand FGF-dependent activities. This since siRNA-treated and non-treated cells behaved in a similar manner in the presence of either PDGFR or FGFR antagonists (Supplemental Fig. 6e) . Assessment of the proliferation rates of NG2 cyto and NG2 extra mutant cells exposed to increasing doses of FGF-2 revealed a strongly attenuated mitotic rate of NG2 cyto mutant cells and only a modestly reduced proliferation of NG2 extra mutants (Fig. 3b) . These results were consistent with the general idea that any contribution made by the NG2 cytoplasmic domain to FGFR-FGF binding, or to the down-stream signalling events, was negligible compared to that exerted by the membrane-proximal ectodomain of the PG. Thus, even though FGF stimulation was found to induce ERK-mediated phosphorylation of the NG2 cytoplasmic threonine residue Thr 2314 (Fig. 3c) , there was no evidence that this phosphorylation event contributed to the FGF-induced cell proliferation. Finally, increasing the concentrations of exogenous FGF-2 did not rescue the mitotic deficiency of NG2-poor cells, whereas cells transiently overexpressing full-length NG2 proliferated to a higher degree than cells with normal levels of NG2 (Fig. 3b) . This latter finding would imply that surface abundance of NG2 may increase a cell's ability to respond to FGF(s), especially when the growth factor(s) is poorly accessible in the extracellular environment.
Loss of NG2 abrogates FGF canonical signalling pathways
Despite of the positive outcome of the different rescuing experiments performed with NG2-deficient cells, it could still be argued that siRNA-induced loss of NG2 may have caused, as a secondary effect, alterations of the canonical FGF-FGFR signal transduction pathways, i.e. defects in the cell's signalling machinery such as to render the cell partially unresponsive to FGF stimulation. To rule out this possibility and ascertain the direct association between loss of NG2 and impaired FGF-triggered signal transduction we treated SK-LMS-1 cells with the effective siRNA 3289 probe Angiogenesis (2013) 16:309-327 317 NG2, or with the non-effective probe NG2
2938
, stimulated both types of cells with FGF-2 (10 ng/ml for 30 min) and comparatively assayed by semi-quantitative immunoblotting the phosphorylation status of 53 primary mediators (62 phosphosites) of growth factor signalling, cell survival and stress response. Non-stimulated NG2-expressing and NG2-deficient cells differed only marginally in their constitutive baseline phosphorylation pattern. Upon FGF-2 treatment, however, a marked difference could be noted between siRNA-treated and non-treated cells; the latter cells showed a clearly reduced phosphorylation, or complete de-phosphorylation, of primary FGF-activated signalling effectors 
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sNG2-CS-(~280 kDa)
sNG2-CS-(~600 kDa) Fig. 3 a Effect of enzymatic (heparatinase III; Hep III; or chondroitinase ABC; Chase ABC) removal or desulfation (NaClO 3 treatment) of cell-surface HSs and CSs on FGF-2-induced proliferation in SK-LMS-1 cells. Anti-HS mAb 10E4 and anti-CS mAb CS56 were used to verify the extent of cell surface removal of the corresponding GAGs. In ''Rescuing'' experiments, siRNA-treated cells were exposed to the glycanated (sNG2-CS ? ) or non-glycanated (sNG2/CS -) recombinant ectodomains of rodent NG2 (Inset; p \ 0.001 by Mann-Whitney U Test), or were transfected with a wild type (rat NG2) or modified rodent NG2 construct in which the primary GAGattachment site was mutated (rat NG2 GAG ; p \ 0.0001 by ANOVA). and cell survival mediators, including ERK1/2/5, Shc, MSK1, MEK1/2/3/6, Jun, Src, p38aMAPK, MAPKs, Raf1, JNK and Akt-1 (Supplemental Table 1 ). Phosphorylation of Cdk-1/cdc2 and serine phosphorylation of Rb protein (i.e. of residues S612 and S807) were also found to be strongly reduced. These findings confirmed that, upon FGF stimulation, loss of NG2 impaired activation of canonical FGF signal transduction components and did, apparently, not elicit activation of anti-proliferative stress-related signal transduction events.
NG2 captures and retains FGF-2 on the cell surface
To establish whether the putative FGF co-receptor activity of NG2 was truly associated with its ability of the PG to reversibly sequester FGF molecules, we first determined whether FGF-2 could directly bind to the NG2 core protein.
Through surface plasmon resonance we could measure binding strengths between FGF-2 and the NG2 ectodomain (putative binding site residing within the D3 membraneproximal module) revealed a K d in the range of 732-809 nM (Fig. 4a) . These binding values appear substantially lower than those previously determined with a different approach between FGF-1/-2 and HSPGs isolated from cancer cells [51] .
We next used fluorescently-tagged FGF-2 to verify the capacity of the growth factor to bind membrane-bound NG2 on live cells. These experiments were performed in the presence of anti-FGFR1 and -FGFR3 antibodies, to delimit as much as possible a direct interaction of soluble FGF-2 to their cognate receptors, i.e. bypassing interactions with surface-bound co-receptors. Untreated cells bound a significant amount of FGF-2 (Fig. 4b) , whereas pre-incubation of the cells with either anti-FGFR1 or anti-FGFR3 antibodies substantially reduced surface binding. In this latter experimental condition, addition of heparin did not significantly modify the surface fluorescence signal (not shown). Combined siRNA-mediated knock-down of NG2 and pre-incubation of cells with antibodies against both FGFRs virtually eliminated the FGF-2 association with the cell surface.
The functional significance of the receptor-independent FGF-capturing ability of NG2 observed above was then assayed by exposing cells for a short time period (''pulse'') to an optimal mitogenic dose of FGF-2 in the presence of anti-FGFR1 and -FGFR3 antibodies (Fig. 4c) . Unbound FGF-2 was subsequently removed and cells were grown for additional 72 h in the absence of serum. A parallel set of cells were grown in the presence of serum to ascertain that the experimental manipulation had not affected their overall capability to respond to mitogenic stimuli. As could be expected, cells pre-incubated with antibodies to either FGFR showed a reduced proliferation when compared to control untreated cells. However, NG2-expressing cells were able to proliferate significantly better than NG2-deficient ones, demonstrating that, during the pulse period, the PG had captured a sufficient amount of FGF-2 to stimulate cell replication in the absence of other exogenous growth factors (Fig. 4d) . The findings did not highlight any specific functional bias of NG2 for either FGFR.
NG2 associates with FGFR1 and FGFR3 in a GAG-independent manner
In addition to capturing and retaining FGFs on the cell surface for subsequent receptor presentation, NG2 might also physically associate with FGFR1 and FGFR3 through its core protein or GAG chain(s) and by engaging exogenous ligands in the interaction. To determine if this was the case we first performed a FRET analysis by flow cytomtery in the presence or absence of exogenous FGF-2. For this purpose we used cells incubated with combinations of anti-NG2 and anti-FGFR1/FGFR3 antibodies. These assays revealed a close apposition of NG2 to both FGF receptors (Fig. 5a ), but not to CD44 (used as a control surface PG molecule). Adding FGF-2 to the system did not affect the NG2-receptor interaction. Selective NG2-FGFR1/-FGFR3 linkages in the absence of FGFs were also measured with purified recombinant molecules in two-ways solid-phase and overlay assays. In fact, when we allowed the purified ectodomain NG2 fragment and Fc-tagged FGFR1-FGFR4 molecules to interact with each other (using alternatively NG2 or the receptors as immobilized ligands), a dosedependent binding of NG2 to FGFR1 and FGFR3 was observed both in the presence and absence of FGF-2. In contrast, no binding of the PG was detected to the recombinant FGFR2 or FGFR4 (Fig. 5b) .
To ultimately confirm by a third independent means that NG2 could assemble with FGFRs in an apparent ligandand GAG-independent manner we performed pull-down assays based upon the constitutively expressed molecules. Thus, we carried out reciprocal immunoprecipitations of untreated or chondroitinase ABC-treated cell membranes with either anti-NG2 or anti-FGFR1-FGFR4 antibodies. Following separation by SDS-PAGE, the precipitated material was immunoblotted with heterologous (with respect to the antibody used for immunoprecipitation) anti-NG2 or anti-FGFR1-FGFR4 antibodies. Even with this experimental approach we could confirm NG2-FGFR1/-FGFR3 associations, but were not able to detect NG2-FGFR2/-FGFR4 complexes. This neither in the absence nor presence of exogenous FGF-2 and independently of prior removal of the CS chain(s) of NG2 or addition of heparin to the system (not shown). These observations further corroborated the propensity of NG2 to form ligandunrelated interactions with FGFR1/FGFR3 and confirmed the lack of involvement of its GAG chains in these interactions (Fig. 5c) . The possibility that endogenously produced FGFs were responsible for triggering the formation of NG2-FGFR complexes in the absence of exogenous growth factors was also effectively ruled out by complementary MALDI-TOF analyses that asserted the presence of peptides deriving from NG2, FGFR1 and FGFR3 and the lack of peptides derived from any of the known FGFs (not shown). 
Chase NG2 dictates the magnitude of FGFR1/FGFR3-mediated mitosis, but does not influence FGFR2-/ FGFR4-induced signal transduction Taken together the above described findings provide evidence for an FGF co-receptor function of NG2, but do not preclude that NG2 may modulate receptor activity at the intracellular level. To test the hypothesis of a direct effect of NG2 on the overall functionality of FGFR1/FGFR3 we experimentally modified the relative surface ratios of NG2 versus FGFR1/FGFR3 in our cells by selective knockdown of the FGFRs, enrichment by immunoselection of cell populations homogenously expressing high constitutive levels of NG2 (cells denoted NG2 ? ), and overexpression of full-length NG2 by in vitro gene transduction (cells denoted NG2
?? ). In NG2 ? cells, knock-down of either FGFR produced a marked decrease in FGF2-induced mitosis, as also confirmed by reduced receptor phosphorylation (Fig. 6a, b) . NG2 overexpression effectively compensated for low levels of FGFR1, but apparently not for low levels of FGFR3 (Fig. 6a) . Furthermore, knock-down of FGFR1 strongly abrogated ERK-dependent phosphorylation of the NG2 cytoplasmic tail, while knock-down of FGFR3 was somewhat less effective in de-phosphorylating the PG (not shown).
Although NG2 did not appear to interact with FGFR2 and FGFR4 it could not be firmly excluded that NG2 might influence FGF signalling in cells expressing solely these receptors by a mechanism not involving a direct association. Therefore, to address this issue we assayed the FGFinduced mitogenic responses of a panel of mesenchymal cell lines that were selected according to their constitutive levels of NG2 and their diverse profiles of FGFR1-FGFR4 (Supplemental Fig. S5a) ? subset from NG2 -one and in the former subset knocked down one or two of the constitutively expressed FGFRs (Fig. 7a, b) . In parallel, we verified that knock-down of FGFRs did not affect NG2 surface expression (not shown).
In baseline serum-free conditions, the NG2 ? and NG2
cell subsets divided in a comparable manner, irrespective of their FGFR expression profile (Fig. 7c) . In the presence of FGF-2, NG2 ? and NG2 -cells presenting FGFR2 and/or FGFR4 were equally stimulated, whereas NG2
? cells expressing either FGFR1 or FGFR3 proliferated more robustly than their counterpart NG2
-cells (Fig. 7c) . These observations thereby provide a functional support to the model of selective cooperation of NG2 with FGFR1 and FGFR3.
Discussion
Proliferation and sprouting of NG2/CSPG4-expressing perivascular cells is an obligatory early step in normal and pathological angiogenesis. The growth factor-binding capability of NG2 [16] has led us to hypothesize that the PG may contribute to the optimization of the responsiveness of perivascular cells to angiocrine factors. In support of this idea we find that corneal angiogenesis, experimentally induced by ectopic implantation of the angiocrine factor FGF-2, is strongly compromised in NG2 knockout mice due to a marked reduction in pericyte replication and mobilization. Under the same experimental conditions, ectopic VEGF implantation is capable of promoting angiogenesis in the NG2 null background, albeit with lower efficiency than in wild type animals. This observation corroborates the lack of a cell-autonomous endothelial cell function in the NG2 knock-out mice, but leaves to reconcile the apparent integrity of neovessel network assembled under the influence of VEGF with the angiogenic deficits observed in these animals under a variety of experimental conditions [2] [3] [4] [5] [6] [7] [8] 52 ]. The present findings, nonetheless, emphasize a central role of NG2 in FGF signalling and the importance of FGF stimulation of angiogenic pericytes during tubular sprouting.
FGF-mediated signal transduction represents a complex phenomenon, not only due to the wealth of FGF molecules and their interaction patterns with the cognate FGF receptors, but also due to the increasing number of ancillary molecules proposed to dictate the strength of cellular responses in relation to spatio-temporal changes in mitogen availability [53] . The most well-studied FGF co-receptor entities are the HS chains of membrane-associated PGs. Within these GAG structures it has been possible to identify sub-or microdomains displaying high-affinity for FGF and, in some cases, it has even been proposed that different FGFs may have different HS subdomain specificities [32, 33, 35, 36, 42, 43] . A further complexity of the system is given by the fact that cations may modify the HS structure, such as to create FGF signalling-promoting or -inhibitory moieties [54] .
The cumulative results of our study depict a novel FGF co-receptor paradigm that, at least when restricted to angiogenic pericytes, may act in an alternative or complementary fashion to that of HSPGs and cell adhesion molecules. Intriguingly, we find that FGF-2 binds to a discrete portion of the NG2 core protein with an apparently lower avidity than that previously determined for structurally defined HS oligosaccharides [31, 42, 51] . This raises the possibility that NG2 and HSPGs may iteratively retain FGF molecules on the cell surface, but since soluble heparin did not appear to affect FGF-2 binding to surface NG2, the two types of proteoglycans may not act in direct competition. While a model of ''alternative function'' would imply that NG2 could substitute for HSPGs in promoting extracellular capture and receptor presentation of the ligand, a model of ''complementary function'' would envision that HSPGs may primarily serve the purpose of dimerizing the single FGF molecules while NG2 could in concert favour the subsequent displacement of the dimerized ligands to the receptors. This latter scenario does not preclude a dual participation of HSPGs and NG2 in FGF signalling and, hence, it is fully compatible with the observations that smaller HS fragments may engage in ternary FGF-FGFR-GAG complexes in the concomitant presence of NG2. Accordingly, our findings demonstrate that even when NG2 is optimally accessible on the cell surface, addition of HS fragments/heparin does not further enhance FGF stimulation. This observation indicates that NG2 alone can saturate the cells' FGF responses, i.e. satisfy the cells' growth factor needs, without involvement of HSPGs.
In seeking detailed information about the mechanism of NG2 involvement in FGF signalling we adopted wild type and NG2 null perivascular cells and human smooth muscle-like cell lines. These latter cells were selected for their relatively low constitutive levels of HSPGs and lack of other FGFR1/FGFR4-interacting co-receptor molecules, such as N-CAM or N-cadherin. In these cellular models we found that NG2 exerted a multivalent extracellular influence on the cell-autonomous and paracrine signal transduction elicited by certain FGF family members. However, at variance with what is known for syndecans and glypicans, NG2 was not found to influence the cells' mitogenic responses to a number of other heparin-binding growth factors requiring cell membrane-associated co-receptors for eliciting optimal signal transduction. This finding asserts that NG2 has a higher growth factor specificity than that currently documented for HSPGs and selectively regulates two distinct signalling systems, i.e. the FGF and PDGF ones. The reciprocal involvement of NG2 in these two signalling systems, and their inter-relationship in the context of pericyte proliferation, was not deemed to be a subject of this study. It deserves, however, attention because of potential agonistic or antagonistic effects that these systems may exert depending upon the relative extent with which NG2 may participate in the control of one or the other system. Through its ability to bind to FGF-2, NG2 captured and retained the growth factor on the cell surface. NG2-mediated sequestration of FGF-2 was entirely independent of binding of the growth factor to its receptors and did not involve the CS chain(s) of the PG. Although not specifically investigated hitherto, it is likely that binding of latent FGFs to NG2 directly or indirectly impinged upon their activation, while we deduce from our findings that the primary role of the PG was to facilitate the interaction of these activated ligands with their cognate receptors. Of note in this context is that the PG was effective in bringing about cell mitosis in the absence of HS-mediated ''ligandactivation'', as substantiated by the fact that in NG2-deprived cells, experimentally reintroduced NG2 (ectopic transduction), or NG2 administered to the cells as a soluble ectodomain fragment, rescued the partial FGF signalling deficiency of the cells. The rescuing effect seen with the isolated ectodomain also suggests that, similarly to syndecans, NG2 might influence the FGFs mitogenic actions both in its surface-bound and cell surface released form.
Based upon our results NG2 emerges as a putative key surface molecule for the elaboration and perception of FGF morphogen/mitogen gradients and may additionally contribute to the modulation of the receptor-growth factor binding kinetics. In fact, our findings suggest that elevated surface levels of NG2 may compensate for low surface levels of FGF receptors, as also recently shown for certain HSPGs [55] . Most likely this could be accomplished by augmenting the number of FGF molecules available for receptor binding on the cell surface, or by enhancing FGFR clustering when the receptor molecules are more sparsely distributed on the cell membrane. Since FGFRs and NG2 may both cluster in lipid rafts, they have the potential to synergize at the level of these cell membrane domains. The idea that a putative NG2-FGFR clustering may be critical for optimal regulation of FGF signalling was hinted by the observation that overexpression of truncated NG2 molecules, failing to properly accumulate in lipid rafts [50] , were less effective in supporting FGF signalling than intact NG2 molecules.
Crystallographic studies have provided two tentative models of HS-FGF-FGFR assembly based upon two different stoichiometric ratios of the involved components. Thus, trimeric configurations with ratios of 2:2:1 or 2:2:2 between ligand, receptor and GAG moiety have been proposed to be equally effective in triggering down-stream signal transductions. However, more recent biochemical data generated with isolated molecules suggest that a 2:2:1 FGF-FGFR-HS ratio may be the most probable assemblies for optimal signal transducing effects [42] . It remains unresolved to what extent surface HSPGs are capable of ''pre-cluster'' with FGFRs in a ligand-independent manner and to what degree ternary complexes between HS moiety, ligand and receptor actually form on the cell surface (all studies reported thus far have been based upon interactions between the isolated components). Although we did not attempt to demonstrate here the formation of ternary complexes composed of NG2, FGF and FGFR, the ability of NG2 to physically associate with FGFRs in a ligandindependent fashion, and the ability of the PG to effectively trap FGF on the cell surface, strongly suggest that NG2 has the potential to mediate the assembly of such higher order macromolecular complexes.
NG2 association with FGFR1 and FGFR3 (but not with FGFR2 or FGFR4) in the apparent absence of FGFs further indicates that the PG may be capable of affecting FGF signalling at multiple levels, i.e. at both ligand and receptor level. However, since cells expressing NG2 molecules lacking the intracellular domain still effectively responded to FGF-2, association of the NG2 cytoplastic tail with the kinase domain of FGFRs did not seem to be required for NG2-mediated enhancement of the FGF mitogenic action. In contrast, signal transduction triggered by engagement of FGFR1/FGFR3 resulted in phosphorylation of the cytoplasmic tail of NG2, a phenomenon previously shown to be linked to integrin-dependent cell proliferation and motility [56, 57] . It is not yet clear whether, independently of this phosphorylation, or following such event, NG2 may make a direct contribution to ligand-unrelated FGFR pre-clustering. It is similarly, uncertain to what extent the PG may remain associated with the ligand-receptor complex to influence a possible subsequent cellular internalization of a heterodimeric or heterotrimeric complex. As NG2 seems to promote activation of distinct FGF receptor sets and, simultaneously, may sequester with high avidity more than one type of FGF, the PG may sustain different spatio-temporal ''capture-release'' FGF-FGFR binding dynamics on the cell surface. It could be envisioned that this NG2 ability may favour a diversification of the pericyte responses to the growth factors when such differentiated responses are needed to bring about complex multistep processes such as angiogenesis.
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